Cardiolipin (CL), the signature phospholipid of mitochondrial membranes, plays an important role in mitochondrial processes and bioenergetics. CL is synthesized de novo and undergoes remodeling in the mitochondrial membranes. Perturbation of CL remodeling leads to the rare X-linked genetic disorder Barth syndrome, which shows disparities in clinical presentation. To uncover biochemical modifiers that exacerbate CL deficiency, we carried out a synthetic genetic array screen to identify synthetic lethal interactions with the yeast CL synthase mutant crd1⌬. The results indicated that crd1⌬ is synthetically lethal with mutants in pyruvate dehydrogenase (PDH), which catalyzes the conversion of pyruvate to acetyl-CoA. Acetyl-CoA levels were decreased in the mutant. The synthesis of acetyl-CoA depends primarily on the PDH-catalyzed conversion of pyruvate in the mitochondria and on the PDH bypass in the cytosol, which synthesizes acetyl-CoA from acetate. Consistent with perturbation of the PDH bypass, crd1⌬ cells grown on acetate as the sole carbon source exhibited decreased growth, decreased acetyl-CoA, and increased intracellular acetate levels resulting from decreased acetyl-CoA synthetase activity. PDH mRNA and protein levels were up-regulated in crd1⌬ cells, but PDH enzyme activity was not increased, indicating that PDH up-regulation did not compensate for defects in the PDH bypass. These findings demonstrate for the first time that CL is required for acetyl-CoA synthesis, which is decreased in CL-deficient cells as a result of a defective PDH bypass pathway.
Cardiolipin (CL) 4 is a unique phospholipid with dimeric structure that constitutes about 15% of the total phospholipid in mitochondria (1) (2) (3) (4) . CL is synthesized de novo in the inner mitochondrial membrane (5) and undergoes remodeling in which saturated fatty acyl chains are replaced with unsaturated fatty acids (6, 7) . CL plays an important role in maintenance of mitochondrial structure, interaction with mitochondrial membrane proteins, respiration and stability of respiratory chain supercomplexes (8 -10) , and other mitochondrial functions such as protein import and maintenance of the membrane potential (11) (12) (13) . Loss of CL perturbs mitochondrial bioenergetics and decreases ATP synthesis (12, 14 -16) . Aberrant CL remodeling due to mutation of tafazzin, the transacylase that remodels CL, leads to the severe genetic disorder Barth syndrome (BTHS) (17) . Loss of tafazzin results in decreased total CL, increased monolysocardiolipin, and aberrant CL species (18 -20) . In yeast, tafazzin mutant phenotypes are not due to aberrant CL species but more likely result from decreased total CL/increased monolysocardiolipin (21, 22) . The clinical presentation of BTHS includes cardio-and skeletal myopathy, neutropenia, 3-methylglutaconic aciduria, growth retardation, abnormal mitochondria, and defective oxidative phosphorylation (23) . However, disparities in the clinical manifestation are characteristic of the disorder (24 -26) , indicating that physiological modifiers affect the phenotype associated with CL deficiency.
To identify modifiers that exacerbate CL deficiency, we carried out a synthetic genetic array (SGA) screen with the yeast CL synthase mutant crd1⌬, which lacks CL. A striking finding was that crd1⌬ cells exhibited genetic interaction with mutants of pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-CoA (27) . PDH null mutants are viable because acetyl-CoA can be synthesized by the cytosolic PDH bypass pathway. This pathway culminates in the acetyl-CoA synthetase-catalyzed conversion of acetate to acetyl-CoA, which is shuttled into the mitochondria. Other routes to acetyl-CoA synthesis include oxidative degradation of amino acids (28) , decarboxylation of pyruvate (29) , and oxidation of fatty acids (30) . Synthetic lethality with PDH mutants could be explained by a requirement for CL in one or more alternate routes to acetyl-CoA synthesis. In this study, we demonstrate that crd1⌬ cells have reduced acetyl-CoA levels, diminished ability to utilize acetate, and decreased activity of acetyl-CoA synthetase, consistent with a defective PDH bypass pathway. Interestingly, gene expression and protein levels of PDH were increased, but PDH enzyme activity remained unaltered, indicating that up-regulation of PDH expression is unable to compensate for defects in the PDH bypass in CL-deficient cells. These results show for the first time that CL is required for synthesis of acetyl-CoA.
Results
Genome-wide Synthetic Lethal SGA Screen with crd1⌬-The genome-wide synthetic lethality screen (31) was performed using SGA methodology by mating the query strain (BY4742 MAT␣ can1⌬crd1⌬) to the yeast deletion set and selecting double mutants at two different temperatures (30 and 37°C) . In the query strain, the crd1⌬ mutation was linked to the dominant selectable marker URA3 and the reporter construct MFA1pr-HIS3, which is expressed only in MATa cells. This strain (MAT␣) was separately crossed with the array of all 4800 deletion mutants in the MATa background, in which the deletion is linked to the dominant selectable marker for geneticin resistance, KanMX. The MAT␣ strain was lys Ϫ met ϩ , and the MATa strain was met Ϫ lys ϩ . Diploids were selected on plates lacking both lysine and methionine, and sporulation was induced. Haploid spore progeny were transferred to the synthetic medium lacking histidine, which allows for selective germination of MATa cells. Following two rounds of selection, the MATa cells were transferred to medium lacking uracil and containing geneticin. Synthetic interaction was indicated by decreased growth of the haploid progeny.
As expected, the SGA screen identified a large number of potential synthetic interactions, including 105 synthetic lethal interactions at 30°C and 65 lethal interactions at 37°C. These were grouped based on biological function ( Fig. 1A and Tables  1 and 2) . Validation of the screen is reflected in the identifica- tion of mutants previously shown to be synthetically lethal with crd1⌬, including psd1⌬ (32), tom5⌬ (13), and get3⌬ (33) . Synthetic lethal mutants were also identified in cellular functions previously shown to require CL, including cell wall biogenesis, Fe-S biogenesis, mitochondrial protein import, morphology, and supercomplex formation ( Fig. 1B ).
TABLE 1 Synthetic interaction with crd1⌬ at 30°C
Genes were identified as synthetically lethal with the crd1⌬ mutant at 30°C. The identified genes are grouped based on biological function (using GO SLIM Mapper from Saccharomyces Genome Database). 19 out of 105 genes,18.1%  ERP2, ERP1, VBA4, NBP2, MIT1, RMD6, HMF1, CGR1, SOH1, MDS3, EMC5, HOS4,  RAX2, SPH1, NKP2, ESC8, APM4, SGO1, TCO89  Hydrolase activity  15 out of 105 genes,14.3%  RRT12, DYN2, BNA7, PTC2, RSR1, VMA16, MYO3, OCT1, DBR1, DNM1, ELP6 Cell wall biogenesis was previously shown to require a functional CL pathway (34, 35) . CL mutants exhibit temperaturesensitive growth that is associated with defects in the cell wall (34, 35) . Previous studies reported that the PKC-Slt2 cell integrity pathway and glucan synthase activity require the synthesis of mitochondrial phospholipids phosphatidylglycerol and/or CL (35) . pgs1⌬ cells, which are blocked in the first step of CL synthesis, have reduced glucan synthase activity and decreased protein levels of the glucan synthase catalytic subunit. In addition, activation of Slt2, the downstream effector of the PKCactivated cell integrity pathway, is defective in the mutant. In this light, it was interesting that the SGA screen identified KRE6, which encodes an integral membrane protein required for ␤-1,6-glucan biosynthesis (36) . Disruption of KRE6 results in perturbation of cell wall biogenesis and decreased growth on fermentable carbon source. Mutants of other genes involved in the cell integrity pathway were also identified in the screen, including MSG5, PIR3, RHO2, ROM2, and UTR2.
GO term Frequency Gene(s)

Molecular function unknown
The synthetic lethality screen also identified mutants in mitochondrial processes that have been shown to require CL ( Fig. 1B) . Previous studies indicated that the loss of CL leads to perturbation of mitochondrial and cellular iron homeostasis (37) . This study identified synthetic lethal interaction with ISA1 and ISA2, which encode a protein required for maturation of mitochondrial Fe-S proteins, and with GRX5 and SSQ1, which are required for assembly of Fe-S clusters. These findings support a role for CL in Fe-S cluster formation and/or transfer of Fe-S clusters to apoproteins. crd1⌬ was also synthetically lethal with a mutant in SOD2, which codes for mitochondrial manganese superoxide dismutase, an enzyme that protects cells against oxygen toxicity (38, 39) . Disruption of SOD2 in the CL mutant may lead to lethality due to severe oxidative stress or accumulation of free radicals. The crd1⌬ mutant exhibits increased reactive oxygen species, and SOD2 may play a pivotal role in scavenging free radicals in the mutant (40) . Synthetic lethality was also observed with OCT1, which encodes the mitochondrial intermediate peptidase required for processing inside mitochondria. This enzyme indirectly plays a role in mitochondrial iron homeostasis (41) (42) (43) .
The SGA screen identified synthetic lethal interaction with TOM5, which is required for import of mitochondrial proteins. Genetic interaction of crd1⌬ with TOM5 was shown in previous studies and is consistent with findings of decreased import of proteins into mitochondria in crd1⌬ cells (12, 13) . The mitochondrial distribution and morphology complex in the outer mitochondrial membrane are required for protein import, maintenance of mitochondrial DNA and morphology, and exchange of phospholipids between the ER and mitochondrial membrane through the ER-mitochondria encounter structure complex (44) . The SGA screen identified synthetic lethality with MDM12, consistent with the previous finding (33) . Mutants of other genes involved in mitochondrial morphology were also identified, including DNM1 and MIG1. Taken together, these interactions support a role for CL in tethering of the mitochondrial membrane and ER (33) .
The screen also determined that deletion of transporters of lactate, pyruvate, or acetate, including JEN1 and ESBP6, causes a growth defect in crd1⌬ cells. The transfer of soluble molecules and substrates across mitochondrial membranes requires anionic phospholipid, especially CL (45) . A possible explanation for the observed synthetic lethal interactions between transporters and crd1⌬ is that CL is required for association of these transporters with the membrane.
The stabilization of supercomplexes was previously shown to require CL (10, 48) . CL mutants exhibit decreased activity of ADP/ATP carrier protein and decreased association of this enzyme with supercomplexes (12, 16) . Interestingly, this study determined that mutants of COX7, MGR1, and NCA2 synthetically interact with crd1⌬. Cox7 is a subunit of cytochrome c oxidase (complex IV); Mgr1 is a subunit of the mitochondrial i-AAA protease, and Nca2 regulates expression of ATP synthase. These proteins play an important role in electron transport and ATP synthesis. Synthetic interaction with crd1⌬ supports a role for CL in assembly and stabilization of supercomplexes and association with ATP synthase. In Saccharomyces cerevisiae, with electron transport chain complex deficiency is not lethal because cells can grow on glucose by fermentation and synthesize ATP by substrate level phosphorylation (50) . Synthetic lethality with electron transport chain and ATP synthesis mutants suggests that CL mutants exhibit defects in fermentative metabolism. Consistent with this, we have shown previously that the loss of mitochondrial DNA (and hence elimination of mitochondrial respiration) in crd1⌬ cells leads to decreased growth on glucose as well as activation of the retrograde pathway, consistent with mitochondrial dysfunction (51) .
Loss of CL Leads to Decreased Acetyl-CoA Synthesis-The SGA screen revealed that crd1⌬ is synthetically lethal with pdb1⌬ at 37°C (the E1␤ subunit of PDH), as shown in Fig. 2A . This finding was striking, as it suggested for the first time that CL may play a role in the synthesis of acetyl-CoA. We screened all mutants of the PDH complex for synthetic lethality with crd1⌬. In S. cerevisiae, PDH is an ϳ8-MDa multienzyme com-FIGURE 2. Genetic interaction of PDH mutants with crd1⌬. A, cells were pre-cultured in YPD overnight, diluted, plated in equal number on YNBD, and incubated at 30 or 37°C for 3-5 days. B, synthetic interaction between CRD1 and PDH mutants was determined by examining growth of the double mutant compared with isogenic parental strains and wild type. plex (52) consisting of multiple copies of the following three enzymes: pyruvate dehydrogenase (E1) (Pda1p, and Pdb1p) (53, 54) ; dihydrolipoamide acetyltransferase (E2) (Lat1p) (55); and dihydrolipoamide dehydrogenase (E3) (Lpd1p) (56) . A fourth component, protein X (Pdx1p), does not appear to have a catalytic function but is probably involved in assembly of the complex (57) . Double mutants (crd1⌬pdh⌬) were tested for growth at elevated temperatures. The crd1⌬ mutant in this genetic background (BY4741) can grow at 37°C but not at 39°C (58) . With the exception of E3, all PDH mutants were synthetically lethal with crd1⌬, including mutants of E1 and E2 subunits and protein X of the PDH complex (Fig. 2B) . Because acetyl-CoA synthesis depends primarily on pyruvate utilization by PDH in the mitochondria and the PDH bypass in the cytosol, decreased growth of the double mutants suggested that crd1⌬ cells exhibit defective synthesis of acetyl-CoA by the PDH bypass.
Acetyl-CoA levels were measured in wild-type and crd1⌬ cells at optimal (30°C) and elevated (35, 37 , and 39°C) temperatures. The acetyl-CoA levels in crd1⌬ were decreased at elevated temperatures relative to levels in wild-type cells. At 39°C, an 80% reduction was observed in crd1⌬ cells (Fig. 3) . Previous studies reported that the PDH bypass pathway predominates over the mitochondrial PDH pathway during fermentative growth (59 -64) , suggesting that decreased acetyl-CoA levels in crd1⌬ cells are likely due to perturbation of this pathway.
PDH Bypass Deficiencies in crd1⌬-During fermentative growth, the PDH bypass in the cytoplasm converts pyruvate to acetaldehyde, which is converted to acetate. In the final step, acetyl-CoA synthetase catalyzes the conversion of acetate to acetyl-CoA (27, (65) (66) (67) (68) . We explored the possibility that decreased acetyl-CoA levels in the crd1⌬ mutant resulted from perturbation of the PDH bypass. Consistent with a defective PDH bypass pathway (69 -71) , crd1⌬ cells exhibited decreased growth ( Fig. 4A) and an increased doubling time (Fig. 4B ) on medium containing acetate as the sole carbon source. Decreased growth was likely not due to defective uptake of acetate, as intracellular acetate levels were significantly increased in crd1⌬ cells relative to wild type (Fig. 5 ). The accumulation of acetate suggested that cells were defective in the conversion of acetate to acetyl-CoA. In agreement with this, crd1⌬ cells grown on acetate medium exhibited an ϳ50% decrease in acetyl-CoA levels (Fig. 6A) and an ϳ45% decrease in acetyl-CoA synthetase activity (Fig. 6B) . These results indicate that CL deficiency leads to a decreased synthesis of acetyl-CoA by the PDH bypass route as a result of defective acetyl-CoA synthetase activity.
Up-regulation of PDH Expression Does Not Compensate for Defective PDH Bypass in crd1⌬-PDH and PDH bypass null mutants are viable, indicating that either pathway suffices to synthesize acetyl-CoA. Published studies have shown that cells compensate for a defective PDH bypass by up-regulating PDH gene expression and increasing PDH protein levels (59, (71) (72) (73) . The crd1⌬ mutant exhibited more than 2-fold increased mRNA levels of PDH genes, including PDA1, PDB1, LAT1, LPD1, and PDX1 (Fig. 7A ). Protein levels of Pdb1, Lat1, Lpd1, and Pdx1 were also elevated in crd1⌬ cells, although levels of Pda1 were not (Fig. 7B ). However, despite increased PDH mRNA and protein, the enzyme activity of PDH was not increased in crd1⌬ cells (Fig. 7C ). One possible explanation for this is that CL is required for optimal PDH enzyme activity. Consistent with this, PDH enzyme activity is increased when reconstituted in the presence of CL (Fig. 7D ). Taken together, these experiments indicate that PDH does not compensate for defects in the PDH bypass in CL-deficient cells.
Discussion
In this study, we identified mutants that are synthetically lethal with the CL mutant crd1⌬, which may thus identify physiological modifiers of CL deficiency. The most striking finding was synthetic lethality of crd1⌬ and PDH mutants, as this suggested for the first time that CL is required for the synthesis of acetyl-CoA. In agreement with this, acetyl-CoA levels were decreased in CL-deficient cells (Fig. 3) . The likely mechanism underlying this defect is perturbation of the PDH bypass, as crd1⌬ cells grown on medium containing acetate as the sole carbon source exhibited decreases in growth, acetyl-CoA levels, and activity of acetyl-CoA synthetase ( Figs. 4 and 6 ). Acetyl-CoA synthetase is localized in the outer mitochondrial membrane. Optimal activity of the enzyme may be dependent on interaction with CL, which is present in small amounts in the outer membrane (13, 74, 75) .
Consistent with previous studies showing increased PDH expression in response to perturbation of the PDH bypass, PDH mRNA and protein levels were increased in crd1⌬ cells. However, this response did not lead to increased PDH enzyme activity. Several possibilities could account for this finding. Import of PDH into the mitochondria may be decreased in CL-deficient cells, which exhibit decreased import of some mitochondrial proteins (12, 13) . Alternatively, PDH stability and/or enzymatic activity may require association with CL in the mitochondrial membrane (75) . This is supported by our finding that in vitro activity of PDH is increased when reconstituted in the presence of CL (Fig. 7D) .
Based on these results, we propose the following model to account for decreased acetyl-CoA synthesis in crd1⌬ cells (Fig.  8) . The two common routes for acetyl-CoA synthesis are through direct conversion of pyruvate, either by the PDH bypass under fermentative conditions (76) or PDH under respiratory conditions (29) . These routes complement each other when either pathway is defective. Under fermentative conditions, CL-deficient cells cannot convert acetate to acetyl-CoA, resulting in decreased acetyl-CoA levels. The cellular response to decreased acetyl-CoA in crd1⌬ cells is increased PDH gene expression and protein synthesis. However, in the absence of CL, PDH enzyme activity is not increased, resulting in decreased acetyl-CoA levels.
The synthetic interactions identified by the SGA screen provided additional support for the role of CL in Fe-S biogenesis and cell wall synthesis. Studies have shown that crd1⌬ cells exhibit defective Fe-S biogenesis resulting in perturbation of iron homeostasis (37) . Defective Fe-S biogenesis leads to decreased activity of Fe-S enzymes, including the TCA cycle enzymes aconitase and succinate dehydrogenase, which in turn leads to deficiencies in the TCA cycle. This study identified genes that are involved in assembly of the Fe-S cluster and maturation of mitochondrial Fe-S proteins, further supporting a role for CL in Fe-S biogenesis. The CL pathway was also shown to be required for cell wall synthesis (34, 35) . The cell wall integrity mitogen-activated protein kinase Slt2 is not phosphorylated in the pgs1⌬ mutant, which is blocked in the first step of the CL pathway, synthesis of phosphatidylglycerol phosphate. Perturbation of the PKC pathway in pgs1⌬ leads to the breakdown of glucan and chitin in the cell wall. This study identified synthetic lethality of crd1⌬ with a mutant in the cell wall biogenesis gene KRE6, further supporting the role of CL in maintaining cell integrity. In addition, the screen also identified genes involved in mitochondrial protein import, mitochondrial morphology, and transport of metabolites, which supports previous findings that CL is required for these cellular processes.
Is the role of CL in acetyl-CoA synthesis relevant to BTHS and other cardiac disorders? Acetyl-CoA interconnects metabolic pathways that are crucial for cardiac energy metabolism (77) . Mutations in the human E1-␣ subunit of the PDH complex, which is homologous to yeast PDA1, lead to Leigh's syndrome, which is characterized by hypertrophic cardiomyopathy, among other phenotypes (78) . 5 Mutations in mitochondrial acetyl-CoA synthetase (AceCS1 and AceCS2) impair acetyl-CoA synthesis and induce cardiac hypertrophy (75, 80) . To compensate for defects in the PDH bypass, PDH gene expression and protein synthesis are increased in CL-deficient cells. However, PDH activity is not increased, possibly because mitochondrial import, enzymatic activity, or assembly of PDH inside the mitochondria requires CL. Thus, a defective PDH bypass pathway results in decreased synthesis of acetyl-CoA, which is not compensated by PDH.
Cardiomyopathy and heart failure are generally caused by depletion of cardiomyocyte ATP and impaired energy homeostasis (79, 81) . Elucidating the role of CL in acetyl-CoA synthesis may shed light on the wide disparities in clinical phenotypes observed in patients with BTHS and other cardiac disorders.
Experimental Procedures
Yeast Strains, Plasmids, and Growth Media-The yeast S. cerevisiae strains used in this study are listed in Table 3 . Single deletion mutants were obtained from the yeast knock-out deletion collection (Invitrogen). Double mutants were obtained by tetrad dissection. Synthetic complete (YNB) medium contained adenine (20.25 mg/liter), arginine (20 mg/liter), histidine (20 mg/liter), leucine (60 mg/liter), lysine (200 mg/liter), methionine (20 mg/liter), threonine (300 mg/liter), tryptophan (20 mg/liter), uracil (20 mg/liter), yeast nitrogen base without amino acids (Difco), and glucose (2%) (YNBD) or sodium acetate (2%) (YNBA). Synthetic dropout medium contained all ingredients mentioned above but lacked specific compounds required for selection. Sporulation medium contained potassium acetate (1%), glucose (0.05%), and the essential amino acids. Complex medium contained yeast extract (1%), peptone (2%), and glucose (2%) (YPD). Solid medium was prepared by adding 2% agar. To construct the crd1⌬can1⌬ starting strain, a 1.8-kb CAN1 deletion cassette was amplified from Y5563 by sense primer (5Ј-TAGGGCGAACTTGAAGAATAACC-3Ј) and antisense primer (5Ј-ACGAAAAATGAGTAAAAATTA-TCTT-3Ј) and inserted into the genome of BY4741 (MATa) with the disruption confirmed by PCR. The can1⌬ mutant was then crossed to BY4742 (MAT␣) to obtain an MAT␣ can1⌬ strain by tetrad analysis. The CRD1 gene in the can1⌬ mutant (MAT␣) was disrupted by a 1.8-kb URA3 fragment released from the PUC19 plasmid digested using PvuII. The disruption of CRD1 was confirmed by PCR, Southern blotting, and phospholipid analysis.
SGA-The MAT␣ can1⌬crd1⌬ mutant was crossed to the array of deletion mutants in the MATa background, in which the deletions are linked to the dominant selectable marker for geneticin resistance, KanMX4. Diploids were selected, and sporulation was induced. Haploid spore progeny were transferred to synthetic medium lacking histidine, which allowed for selective germination of MATa cells. Following two rounds of selection in HisϪ synthetic medium, double mutant MATa progeny were selected in UraϪ medium supplemented with geneticin. Independent confirmation of synthetic lethality was carried out by tetrad analysis to rule out false positives and false negatives (31) . Synthetic interaction between CL and deletion mutants was determined by examining growth of the double mutant compared with single mutants and wild type on YPD.
Acetyl-CoA Determination-Cells were grown to the logarithmic growth phase, and samples (3 ml) of the culture were centrifuged at 1700 ϫ g. Pellets were resuspended in 1 ml of double distilled H 2 O and centrifuged for 1 min at 9300 ϫ g. The resulting cell pellets were lysed and rapidly quenched with 130 l of 45:45:10 acetonitrile/methanol/H 2 O ϩ 0.1% glacial acetic acid and 10 mol liter Ϫ1 glutaryl-CoA as an internal standard. The resuspended extracts were incubated on ice with intermittent vortexing for 15 min. An equal molar volume of ammonium hydroxide was added postincubation to neutralize the acetic acid, and each extract was centrifuged for 3 min at 15,700 ϫ g, transferred to a new 1.5-ml microcentrifuge tube, and centrifuged for 5 min at 15,700 ϫ g. The clarified extract (10 l) was injected for HPLC-MS/MS analysis (46, 47) .
Acetate Measurement-Cells were grown to the logarithmic phase, and samples (1 ml) of the culture were centrifuged at 
Forward GCAGCCAAGCCAATCTTGAACAGA Reverse TTGGAACCAGATGGCGCAATTTCC 5000 ϫ g. Pellets were resuspended in 1 ml of double distilled H 2 O and centrifuged for 5 min at 5000 ϫ g. The resulting cell pellets were lysed. The levels of intracellular acetate in lysed samples were determined spectrophotometrically by monitoring the conversion of ATP to AMP, coupled to the reduction of a reporter dye to yield a colored reaction product with strong absorbance at 450 nm (BioVision kit). Acetyl-CoA Synthetase Activity-Acetyl-CoA synthetase was measured in cell lysates as described previously (49) . The reaction mixture contained 100 mM Tris-HCl (pH 7.8), 5 mM DL-malate, 1 mM ATP, 2.5 mM MgCl 2 , 0.1 mM coenzyme A, 3 mM NAD ϩ , 2.5 units/ml malate dehydrogenase, 1.25 units/ml citrate synthase, and 100 mM sodium acetate. The reaction mixture was incubated at 37°C for 10 min. Acetyl-CoA synthetase activity was measured spectrophotometrically by determining the reduction of NAD ϩ to NADH by recording the continuous increase in absorbance at 340 nm at 37°C. Total protein was determined using a Bradford assay kit (Pierce) with BSA as the standard. Acetyl-CoA synthetase enzyme activity was expressed as units per mg of total protein.
Quantitative PCR (qPCR)-Cultures (10 ml) were grown to the logarithmic growth phase; cells were harvested, and total RNA was isolated using the RNeasy Plus mini kit from Qiagen. Complementary DNA (cDNA) was synthesized using a transcriptor first strand cDNA synthesis kit (Roche Applied Science) according to the manufacturer's manual. qPCR was performed in a 25-l volume using Brilliant III Ultra-Faster SYBR Green qPCR Master Mix (Agilent Technologies, Santa Clara, CA). The primers for qPCR are listed in Table 4 . PCRs were initiated at 95°C for 10 min for denaturation followed by 40 cycles consisting of 30 s at 95°C and 60 s at 55°C. RNA levels were normalized to ACT1. Relative values of mRNA transcripts are shown as fold change relative to indicated controls. Primer sets were validated according to the Methods and Applications Guide from Agilent Technologies. Optimal primer concentrations were determined, and primer specificity of a single product was monitored by a melt curve following the amplification reaction. All primers were validated by measurement of PCR efficiency and have calculated reaction efficiencies between 95 and 105%.
Gene Tagging, SDS-PAGE, and Western Blotting Analysis-Strains containing C-terminal HA-tagged Pda1, Pdb1, Lat1, Lpd1, and Pdx1 were derived from the BY4742 wild-type and crd1⌬ strains by transforming with a PCR product amplified from pFA6 -3HA-TRP1 (TRP marker). The primers used for tagging are listed in Table 5 . Proteins were extracted from cells grown to an A 550 of 0.5, separated by 8% SDS-PAGE, transferred to a PVDF membrane, and analyzed using primary antibodies to the HA tag (1:1000) and to ␣-tubulin (1:1000) (Santa Cruz Biotechnology). Proteins were visualized using appropriate secondary antibody conjugated to horseradish peroxidase (1:3000) and detected using the ECL chemiluminescence system (GE Healthcare).
Pyruvate Dehydrogenase (PDH) Activity-PDH activity in cell extracts was measured spectrophotometrically by determining the reduction of NAD ϩ to NADH, coupled to the reduction of a reporter dye to yield a colored reaction product with an increase in absorbance at 450 nm at 37°C (BioVision kit). PDH enzyme activity was expressed in units per mg of total protein.
To determine the effect of CL on PDH activity, aliquots of sedimented yeast mitochondria (400 g of protein) were suspended in 40 l of 50 mM NaCl and 50 mM imidazole-HCl (pH 7.0). 2 l of CL (from a stock solution containing 20 mg/ml in 5% digitonin and 50% ethanol) and 1 l of digitonin (10% in water) were added to obtain a CL/protein ratio of 1:10 (g/g) and a digitonin/protein ratio of 0.5 (g/g). After 2 h of incubation on ice, 10 l of digitonin (10% stock solution in water) was added to obtain a digitonin/protein ratio of 3 (g/g), which was sufficient for quantitative solubilization. The samples were used directly in PDH activity assays.
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TABLE 5
Primers used for C-terminal tagging of proteins 5Ј F2-pda1-HA tag TCCCTGAAGATACTTGGGACTTCAAAAAGCAAGGTTTTGCCTCTAGGGAT CGGATCCCCGGGTTAATTAA 3Ј R1-pda1-HA tag GAATATCATGCGATCACAGCACTATTATTTTATTTTTCCTTACGATTTAA GAATTCGAGCTCGTTTAAAC 5Ј F2-pdb1-HA tag CTGATACTCCAACCATCGTTAAAGCTGTCAAAGAAGTCTTGTCAATTGAA CGGATCCCCGGGTTAATTAA 3Ј F2-pdb1-HA tag AAAGTTCCCTATCTCCTTCTTTCTCTCCTTCCTATTGGATTGAAGTTTAT GAATTCGAGCTCGTTTAAAC 5Ј F2-lat1-HA tag TCATGAAGGAATTGAAAACTGTTATTGAAAATCCTTTGGAAATGCTATTGCGGATCCCCGGGTTAATTAA 3Ј F2-lat1-HA tag ATTTTCTCCAAGATACGCATTTACTGGCGAATTTTATTTTCATTCTAACCGAATTCGAGCTCGTTTAAAC 5Ј F2-lpd1-HA tag AAGCATTTAAGGAAGCTAACATGGCTGCCTATGATAAAGCTATTCATTGT CGGATCCCCGGGTTAATTAA 3Ј F2-lpd1-HA tag AAGCGGTTCTTCATAAATATATATACTATACTGTTTATTATTTCCTGTTT GAATTCGAGCTCGTTTAAAC 5Ј F2-pdx1-HA tag AGGCCAAGGCAAAAAGATTCCTTGATTACGTAAGGGAGTTAGAATCATTT CGGATCCCCGGGTTAATTAA 3Ј F2-pdx1-HA tag ATGGCAGTATTGATAATGATAAACTCGAACTGAAAAAGCGTGTTTTTTAT GAATTCGAGCTCGTTTAAAC 5Ј Forward HA tag CGGATCCCCGGGTTAATTAA 3Ј Reverse HA tag GAATTCGAGCTCGTTTAAAC 3Ј HA-KMX-D-general GGTAGAGGTGTGGTCAATAAGAGC 3Ј HA tag-Diag GGGACGTCATACGGATAGCC
